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Abstract(The!goal!of!this!project!was!to!design!and!construct!a!remote!controlled!aircraft!as!an!entry!in!the!Micro!Class!of!the!2013!SAE!Aero!Design!West!Competition.!To!succeed!at!the!competition,!the!plane!had!to!be!as!light!as!possible,!carry!a!high!payload!fraction,!and!be!stowed!in!a!box!with!interior!dimensions!of!24”x18”x8”.!The!final!design!is!a!flying!wing!that!has!a!wingspan!of!35!inches,!weighs!0.4!pounds,!and!is!capable!of!carrying!a!payload!of!over!1.35!pounds.!The!aircraft!was!assembled!using!a!jig,!which!allowed!for!rapid!construction!and!minimized!construction!flaws.!By!combining!detailed!analysis!of!aerodynamics,!structures,!and!materials!with!flight!testing,!the!team!developed!a!refined!aircraft!that!placed!WPI!in!the!4th!position!out!of!29!universities,!and!in!the!1st!position!amongst!US!teams!at!the!SAE!Aero!Design!West!2013!competition.(! (
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1 Introduction(This!report!describes!the!design,!construction,!and!initial!testing!of!a!remoteVcontrolled!flying!wing!aircraft!for!the!Society!of!Automotive!Engineers!(SAE)!Aero!Design!West!competition.!The!design!requirements,!calculations,!and!testing!that!led!to!the!final!design!are!discussed.!The!aircraft!was!designed!to!compete!in!the!Micro!Class!of!the!Aero!Design!competition.!In!this!class,!the!objective!is!to!minimize!aircraft!empty!weight!while!maximizing!payload!fraction.!Table!1!details!several!competition!rules!that!had!a!strong!influence!on!the!design!philosophy![1].!
Table!1:!Key!competition!rules!
Sizing! All!system!components!must!fit!in!a!box!with!interior!dimensions!of!24”x18”x8”!
Payload! Must!be!capable!of!carrying!and!fully!enclosing!a!rectangular!block!2”x2”x5”!
Flight!path! Must!complete!a!single!360°!circuit!of!a!field!with!a!length!of!300!feet!
Durability! Aircraft!must!remain!intact!throughout!the!flight.!Only!the!propeller!can!break!!Based!on!these!rules!and!requirements,!the!team!sought!to!design!a!small,!lightweight!aircraft!with!large!lifting!capability!and!marginal!maneuverability!requirements.!The!aircraft!would!be!required!to!have!enough!interior!space!to!enclose!the!payload!bay!and!be!constructed!with!enough!strength!to!fly!safely!under!heavy!payloads.!Ultimately,!the!team!chose!to!develop!a!flying!wing!design!to!meet!these!goals.!Through!theoretical!calculations,!component!testing,!and!flight!testing!of!prototypes,!the!design!was!developed!and!optimized!for!the!competition!mission.!
2 Design(Process(Overview(The!flying!wing!design!began!with!a!literature!review!of!Worcester!Polytechnic!Institute’s!(WPI’s)!past!entries!and!an!assessment!of!video!recordings!from!SAE’s!2012!
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Aero!Design!East!competition.!Among!several!candidates,!the!team!focused!particularly!on!Georgia!Tech’s!flying!wing!for!reasons!discussed!below.!!Georgia!Tech’s!design!showed!simplicity!and!the!ability!to!reliably!carry!a!high!payload!for!a!low!empty!weight.!It!showed!that!a!design!without!a!fuselage!was!viable!by!using!the!centerbody!as!a!high!lift!section,!which!allowed!for!a!lighter!structure!capable!of!carrying!a!heavy!payload.!!In!addition,!it!showed!that!the!stability!deficiencies!that!flying!wing!designs!often!encounter!could!be!overcome!even!without!the!use!of!complex!systems.!!However,!the!team!judged!that!further!improvements!could!still!be!made!to!Georgia!Tech’s!design!to!better!satisfy!SAE!requirements.!For!instance,!the!team!thought!that!both!the!structure!and!the!electronics!of!this!design!could!be!made!lighter.!! !Starting!from!this!idea,!the!team!began!with!conceptual!design,!using!Raymer![2]!as!a!guideline.!During!the!early!design!stages,!the!team!created!several!conceptual!sketches!that!could!allow!for!light!structure!and!electronics!without!compromising!the!structure’s!integrity.!The!team!selected!the!wing!geometry,!the!airfoils!that!would!compose!the!wing,!and!the!control!surfaces!by!comparing!the!theoretical!performance!of!a!variety!of!options.!From!several!possible!solutions,!the!team!opted!for!a!design!with!drooped!wingtips!containing!the!control!surfaces,!wing!twist,!longer!centerbody!chord!length!to!accommodate!the!payload,!and!a!step!in!the!centerbody!section!for!firm!hand!launch!holding.!!However,!further!analysis!of!this!geometry!soon!showed!that!drooped!wingtips!would!require!stronger!structural!reinforcement!and!complex!mechanical!connections!for!the!control!surfaces!that!would!ultimately!increase!the!empty!weight.!Therefore,!the!team!abandoned!the!drooped!wingtips!and!decided!on!level!ones,!with!the!control!surfaces!
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inboard.!In!addition,!the!team!decided!on!elevons!as!control!surfaces!since!they!exhibited!the!lightest!control!configuration.!At!this!point,!the!team!froze!the!geometry!and!performed!a!detailed!analysis!to!further!refine!and!optimize!the!geometry.!This!included!building!a!foam!model!to!test!the!design’s!gliding!capabilities,!carrying!out!wind!tunnel!tests!to!determine!its!aerodynamic!characteristics,!conducting!propulsion!versus!takeoff!weight!trade!studies,!and!performing!spar!breaking!tests!of!different!spar!configurations!to!assess!the!design’s!internal!structure.!!Once!the!team!had!gathered!all!the!necessary!data!and!had!decided!on!the!adequate!internal!structure,!the!team!built!prototypes!and!began!flight!testing.!Flight!testing!revealed!the!need!for!refinement!of!the!manufacturing!process!and!the!incorporation!of!vertical!surfaces.!Subsequent!flight!tests!allowed!for!the!appropriate!sizing!of!the!vertical!surfaces,!which!ultimately!led!to!the!final!design!that!is!presented!in!this!report.!
3 Aircraft(Specifications(The!final!aircraft!design!consists!of!a!swept!wing!with!varying!taper!as!shown!in!Figure!1.!The!outer!4.7!inches!of!each!side!of!the!wing!is!a!detachable!wingtip!piece.!The!wing!is!lengthened!and!thickened!at!the!center!to!form!a!lifting!body!that!houses!the!payload!and!electronics.!!The!aircraft!features!endplates!at!the!wingtips,!as!well!as!twin!tails!on!the!centerbody,!for!stability!and!wingtip!vortex!mitigation.!Just!inboard!of!the!detachable!wingtips!are!the!elevons.!These!control!surfaces!combine!the!functionality!of!both!elevators!and!ailerons.!!The!aircraft!electronics!package!consists!of!a!72W!motor!(capable!of!bursts!of!130W),!6Vchannel!receiver,!12A!ESC,!and!3Vcell!lithium!polymer!battery.!To!control!the!elevons,!!
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servos!have!been!placed!in!the!outer!wing!section.!
!
Figure!1:!Top!view!of!the!final!design!The!key!aircraft!parameters!are!summarized!in!Table!2.!The!dimensions!of!the!aircraft!are!such!that,!with!the!wingtips!detached,!the!entire!inner!wing!structure!can!fit!within!the!24”x18”x8”!box!specified!by!the!competition!rules.!The!predicted!aircraft!performance!would!yield!a!flight!score!of!over!155!points.!Compared!to!past!entries!to!the!competition,!this!score!is!highly!competitive.!A!full!threeVview!of!the!aircraft!is!included!in!Appendix!A!(page!29)!
Table!2:!Aircraft!parameters!
Wingspan! 34.88!in!
Length! 16.65!in!
Height! 4.50!in!
Wing!Area! 225.53!in2!
Empty!Weight! 0.39!lb!
Projected!Maximum!Payload!Fraction! 81.6%!
Cruise!Speed! 40!ft/s!
Aspect!Ratio! 5.08!
Wing!Loading!at!Maximum!Payload! 1.36!lb/ft2!
Power!to!Weight!Ratio! 61.03!W/lb!
Detachable!wingtips!Endplates!Center!tails!Elevons!
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4 Fabrication(The!team’s!governing!concern!was!to!minimize!the!empty!weight!of!the!flying!wing!design!presented!in!this!report.!To!achieve!this!goal,!the!team!made!extensive!use!of!balsa!wood!for!the!airframe’s!structure.!For!structurally!critical!parts!of!the!airframe!or!where!very!thin!pieces!were!required,!the!team!also!used!birch!plywood!and!carbon!fiber!rods.!In!addition,!the!team!made!cutouts!in!all!rib!sections!to!achieve!further!empty!weight!reduction.!!Aware!of!the!need!for!precise!manufacturing,!the!team!used!SolidWorks!and!AutoCAD!Computer!Aided!Design!(CAD)!software!extensively.!The!CADVdesigned!parts!were!cut!using!a!laser!cutter!machine!that!could!accommodate!the!tolerance!requirements!of!the!design.!Once!the!parts!were!assembled!using!an!assembly!jig!to!prevent!asymmetries!and!other!geometrical!misalignments,!the!team!covered!the!airframe!in!Mylar.!The!team!judged!that!Mylar!coating!is!one!of!the!easiest!ways!to!cover!an!airframe!with!complex!geometry!such!as!the!one!presented!herein.!Furthermore,!Mylar!is!a!lightweight!material!that,!when!shrunk!to!its!optimal!tension,!can!add!extra!strength!to!the!airframe.!Therefore,!combining!the!key!design!element!with!the!fact!that!most!of!the!materials!used!above!had!a!reasonably!low!pricing,!the!team!was!able!to!produce!a!lightweight!aircraft!capable!of!withstanding!the!aerodynamic!loads!expected!during!competition!at!a!fairly!low!cost.!
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5 Initial(Calculations(and(Design(Decisions(The!design!described!above!was!formulated!on!the!basis!of!careful!consideration!and!analysis.!The!optimal!flying!wing!design!for!this!competition!was!sought,!and!performance!was!predicted!by!calculations!regarding!sizing,!aerodynamics,!propulsion,!structures,!and!stability.!
5.1 Scoring(Strategy(According!to!the!SAE!Aero!Design!competition!rules![1],!the!flight!score!(FS)!is!given!by! ! ! !" = 2− !" ∗ !" ∗ 120! ! ! ! ! ! (1)!where!EW!is!the!empty!weight!in!pounds!and!PF!is!the!payload!fraction.!This!can!also!be!rewritten!in!terms!of!payload!weight!(PW).!! ! !" = (2− !") ∗ !"!"!!" ∗ 120! ! ! ! ! (2)!Analyzing!the!derivatives!of!this!equation!revealed!that!reducing!empty!weight!is!far!more!advantageous!than!increasing!the!payload!weight.!For!this!reason,!the!team!chose!to!pursue!the!minimum!possible!empty!weight,!while!still!meeting!the!requirements!for!minimum!payload!size.!Based!on!historical!data!from!previous!teams![3][4],!the!team!set!an!initial!target!empty!weight!of!0.5lb.!
5.2 Wing(Geometry(Major!parameters!of!the!wing!geometry!were!chosen!with!the!following!objectives:!1. Sizing!the!aircraft!to!be!small!enough!to!fit!within!the!carrying!case!2. Good!stability!–!particularly!in!pitch!3. Low!drag!
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4. Sufficient!wing!area!to!lift!the!necessary!payload!5. Ease!of!manufacture!Initial!values!of!the!wing!geometry!parameters!were!chosen!in!light!of!these!objectives.!The!team!developed!a!MATLAB!script!to!optimize!wing!sweep!for!maximum!wingspan!while!constraining!the!wing!to!fit!within!the!dimensions!of!the!carrying!case.!Graphical!output!from!the!MATLAB!script!is!shown!in!Figure!2.!!
!
Figure!2:!Basic!wing!shape!resulting!from!MATLAB!optimization!of!leading!edge!sweep!After!selecting!the!starting!parameter!values,!the!team!reevaluated!the!geometry!in!light!of!payload!and!stability!requirements.!The!center!chord!was!lengthened!to!fit!the!payload!inside!the!profile!of!the!wing!without!using!an!unreasonably!thick!airfoil,!which!would!increase!drag.!Furthermore,!detachable!wingtips!and!geometric!twist!were!added!in!
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order!to!generate!a!net!positive!pitching!moment!for!longitudinal!stability.!The!detachable!wingtips!also!allowed!the!design!to!achieve!a!larger!wing!area!and!wingspan!while!still!fitting!in!the!carrying!case.!The!wing!geometrical!parameters!and!changes!in!their!values!are!seen!in!Table!3.!
Table!3:!Wing!geometrical!parameters!from!conceptual!design!
5.3 Airfoil(Selection(The!team!focused!the!airfoil!selection!process!on!characteristics!dictated!by!design!and!manufacturing!requirements!listed!as!follows:!!
• Low!drag!for!lower!cruise!power!requirement!
• Preferably!a!positive!or!nearVzero!pitching!moment,!for!stability!with!no!horizontal!tail!
• Thickness!of!about!10%!chord!or!more!for!structural!integrity!
• Sufficiently!large!trailing!edge!angle!for!manufacturability!and!durability!
• Smooth!stalling!characteristics.!!!These!requirements!led!the!team!to!select!the!following!airfoils,!as!shown!in!Figure!3:!(a)!the!NASA/LANGLEY!LS(1)V0421MOD;!(b)!the!Eppler!793;!(c)!the!TL54;!and!(d)!the!Bell!540.!
Parameter! Initial!Value! Final!Value!
Wing!span! 28.70in.! 34.88in.!
Root!chord! 9.84in.! 13.78in.!
Tip!chord! 3.94in.! 3.94in.!
Leading!edge!sweep!angle! 35°! 35°!
Geometric!dihedral! 0°! 0°!
Reference!area! 180.73in2! 225.53in2!
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a)!
!
b)!
!
c)!
!
d)!
!
Figure!3:!(a)!LS(1)R0421MOD,!(b)!Eppler!793,!(c)!TL54,!(d)!Bell!540![5]!The!LS(1)V0421MOD!has!high!lift,!with!a!small!moment!coefficient!when!compared!to!similar!airfoils.!In!addition,!the!upper!and!lower!surface!shapes!of!the!LS(1)V0421MOD!lend!themselves!well!to!airfoil!transition,!and!are!thick!enough!to!provide!a!good!handhold!for!launching!and!enough!room!to!accommodate!the!payload!bay.!Therefore,!this!airfoil!was!chosen!for!the!centerbody.!!From!the!highVlift!airfoils!investigated!for!the!wing!root,!the!Eppler!793!was!chosen!as!a!compromise!among!requirements!for!manufacturability!(thicker!trailing!edge!than!alternatives),!profile!transition,!and!high!lift!between!the!centerbody!and!the!outer!wing.!The!TL54!has!moderate!thickness!with!a!much!thicker!trailing!edge!than!similar!airfoils.!It!has!small!moment!coefficient,!moderate!maximum!lift!coefficient,!and!smooth!stall!characteristics.!Furthermore,!it!has!limited!upper!surface!reflex,!which!will!ease!the!transition!from!the!nonVreflexed!Eppler!793!airfoil,!and!a!flat!underside,!serving!as!a!good!transition!between!the!concave!lower!surface!of!the!Eppler!793!and!the!convex!lower!surface!of!the!symmetric!wingtip!airfoil.!It!was!a!natural!choice!for!the!mid!wing!section!of!the!aircraft.!
!! 10!
! To!counter!the!unbalanced!negative!pitching!moments!exhibited!by!the!highVlift!airfoils!near!the!aircraft!center!and!attain!longitudinal!stability!at!lower!angles!of!attack,!wing!twist!became!a!necessity.!For!this!reason,!the!wingtips!were!required!to!operate!reliably!at!both!negative!and!positive!angles!of!attack,!making!symmetrical!airfoils!a!natural!choice.!!The!team!chose!the!Bell!540!to!accomplish!these!requirements.!!
5.4 Thrust(Requirements(The!team!considered!the!path!taken!by!the!aircraft!from!a!hand!launch!of!30ft/s![4]!at!an!initial!height!of!6.6ft!off!the!ground.!Initially,!the!analysis!considered!a!gross!weight!of!3.9lb,!the!gross!weight!required!for!a!flight!score!of!157!points!(Georgia!Tech’s!winning!flight!score!from!Aero!Design!East!2012)!with!an!empty!weight!of!0.5lb.!The!calculation!assumed!a!wing!area!of!225.5in2,!a!lift!coefficient!of!CL!=!1.35,!and!a!drag!coefficient!of!CD!=!0.168!based!on!initial!theoretical!estimates.!
!
Figure!4:!Flight!path!of!the!handRlaunched!aircraft!for!different!thrusts!
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!
Figure!5:!Flight!path!of!the!handRlaunched!aircraft!for!actual!propulsion!systems!Figure!4!shows!the!path!the!aircraft!would!take!for!five!different!thrusts!at!launch.!A!launch!thrust!of!2.69!lbf!(12N)!gives!a!safer!initial!fall!than!less!powerful!configurations.!However,!assuming!a!propulsive!efficiency!of!70%,!achieving!this!initial!thrust!would!require!a!motor!producing!170W!of!power,!which!would!be!heavier!than!the!team!desired.!Later,!wind!tunnel!testing!revealed!that!the!wing!lift!coefficient!was!lower!than!originally!estimated.!Using!the!revised!lift!coefficient,!the!propulsion!analysis!described!above!was!repeated!for!two!propulsion!options:!one!that!bursts!to!160W!with!a!heavier!battery,!and!another!that!operates!at!72W!with!a!lighter!battery,!but!requires!less!payload!weight!for!the!same!flight!score.!The!results!of!the!analysis!(Figure!5)!revealed!that!the!less!powerful!option!was!still!viable,!due!to!the!reduced!gross!weight.!
0
0.5
1.0
1.5
2.0
2.5
3.0
0 5 10 15 20 25
Ve
rt
ic
al
 P
os
iti
on
 (
m
)
Horizontal Position (m)
160W
72W
Motor Power
for motor and
prop η=0.7
!! 12!
5.5 Lift(and(Drag(Estimates(Using!profile!lift!coefficients!of!the!airfoils!selected!for!the!wing,!a!theoretical!maximum!wing!lift!coefficient!of!1.17!was!found!through!the!equation!below![2].!!!,!"# = 0.9!!,!"# cosΛ! !! ! ! ! ! ! ! (3)!!Because!this!lift!was!not!enough!to!carry!the!initial!target!gross!weight!of!3.9lb,!the!team!began!considering!ways!to!reduce!empty!weight!in!order!to!reduce!the!payload!required!for!the!target!score.!The!component!buildup!method!was!used!to!determine!a!theoretical!parasitic!drag!for!the!initial!tailless!design.!To!evaluate!induced!drag,!the!Oswald!span!efficiency!factor!of!the!wing!was!calculated!based!both!on!wing!geometry!and!on!the!leadingVedge!suction!method.!This!led!to!the!total!drag!coefficient!shown!in!equation!(4)[2].!!! = 0.00982+ 0.0824!!!! ! ! ! ! ! ! (4)!This!suggested!a!maximum!drag!coefficient!of!0.1226,!or!a!drag!of!5.8oz!at!maximum!lift!at!cruise!velocity.!
5.6 Stability(In!order!to!determine!a!longitudinally!stable!configuration,!the!team!calculated!the!locations!of!the!neutral!point!and!center!of!gravity!of!the!aircraft.!The!neutral!point!was!identical!to!the!aerodynamic!center!of!the!wing!because!of!the!absence!of!fuselage!and!tails.!Based!on!historical!trends,!the!center!of!gravity!was!placed!at!5%!MAC!(Mean!Aerodynamic!Chord)!ahead!of!the!neutral!point.!Afterwards,!the!team!used!Microsoft!Excel!software!to!numerically!integrate!the!moments!generated!about!the!center!of!gravity!by!a!proposed!set!of!airfoils.!The!calculation!was!iterated!until!a!stable!twist!configuration!(!!!<0)!was!
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found.!This!led!to!a!total!washout!of!6!degrees.!The!moment!coefficient!of!the!wing!is!plotted!against!angle!of!attack!in!Figure!6.!
!
Figure!6:!Graph!of!pitching!moment!coefficient!versus!angle!of!attack!The!team!evaluated!the!lateral!rolling!stability!by!calculating!the!impact!of!various!factors!on!dihedral!effect!and!summing!the!individual!contributions.!The!following!features!added!dihedral!effect:!wing!sweep,!the!presence!of!a!step!in!wing!thickness!at!the!centerbody,!and!endplates.!Initial!calculations!revealed!a!dihedral!effect!equivalent!to!7.6!degrees!of!geometric!dihedral!without!winglets.!The!addition!of!2Vinch!winglets!would!increase!the!dihedral!effect!to!approximately!9!degrees!equivalent.!Historical!trends!suggest!that!these!values!are!acceptable.!Directional!stability!was!evaluated!by!considering!the!effect!of!wing!sweep!on!the!sideslip!derivative!of!the!yawing!moment!(!!!),!for!a!configuration!without!vertical!surfaces.!It!was!determined!that!the!wing!sweep!gave!positive!directional!stability,!with!greater!stability!at!greater!lift!coefficients.!As!a!result,!the!aircraft!was!first!tested!without!vertical!surfaces!to!evaluate!the!directional!stability!due!to!wing!sweep!and!pursue!the!
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minimum!possible!empty!weight.!The!team!decided!to!add!vertical!surfaces!when!flight!testing!proved!that!the!directional!stability!due!to!wing!sweep!was!insufficient.!!To!evaluate!the!aircraft’s!tendencies!regarding!stall,!the!team!calculated!the!departure!criteria.!The!lateral!control!departure!parameter!(LCDP)!and!dynamic!sideslip!derivative!(!!!,!"#$%&')!were!calculated!using!equations!(5)!and!(6),!respectively![2].!!"#$ = !!!! − !!! !!!"!!!" ! ! ! ! ! ! ! (5)!!!!,!"#$%&' = !!!! cos! − !!!!!! !!! sin!! ! ! ! ! (6)!The!results!of!the!departure!criteria!analysis!are!plotted!in!Figure!7,!showing!that!the!aircraft!should!have!good!departure!recovery,!except!for!one!flight!regime!where!it!encounters!mildVtoVsevere!departure!tendencies.!However,!this!occurs!at!angles!of!attack!less!than!V4!degrees,!and!was!deemed!to!be!of!little!risk!for!this!aircraft,!which!will!operate!at!higher!angles!of!attack.!Flight!testing!has!confirmed!that!the!aircraft!is!very!stallVresistant!within!the!normal!operating!regime.!
!
Figure!7:!Departure!criteria!
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5.7 Control(Surface(Configuration(Through!research,!the!team!discovered!that!elevons!are!a!common!method!of!controlling!flying!wings,!both!for!full!scale!aircraft!and!for!smaller!remoteVcontrolled!aircraft![6][7].!Because!the!initial!designs!did!not!have!vertical!surfaces!to!which!a!rudder!could!be!attached,!elevon!control!was!chosen!early!in!the!design!process.!The!use!of!elevons!was!also!a!way!to!reduce!control!system!weight!and!drag!by!reducing!the!number!of!control!surfaces!and!servos!required.!!The!elevons!were!sized!by!calculating!the!control!surface!size!required!to!maintain!an!angle!of!attack!of!15!degrees!or!to!remain!level!at!a!sideslip!angle!of!11.5!degrees!(a!crosswind!of!8ft/s!at!the!design!cruise!speed!of!40ft/s)!with!control!deflections!within!30!degrees.!The!analysis!treated!the!elevons!as!simple!flaps!and!evaluated!the!effect!of!control!surface!deflections!on!the!lift!and!moments!generated!by!the!flapped!portions!of!the!wing.!The!pitching!and!rolling!moments!were!calculated,!leading!to!an!elevon!width!of!6.09!inches!with!an!elevon!length!of!25%!chord.!!
5.8 Structures(and(Loads(To!design!the!airframe,!a!load!factor!of!2!and!a!safety!factor!of!2!were!applied!to!the!loads!the!aircraft!is!expected!to!encounter!at!maximum!lift!conditions!in!level!flight.!These!make!the!airframe!capable!of!withstanding!design!loads!four!times!greater!than!the!theoretical!maximum!lift!distribution!experienced!in!steady!level!flight.!!
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!
Figure!8:!Span!wise!maximum!lift!distribution!!The!maximum!lift!distribution!was!obtained!by!applying!Schenk’s!trapezoidal!approximation![2]!of!the!lift!distribution!to!the!wing!planVform,!as!shown!in!Figure!8.!!This!lift!distribution!was!used!to!derive!the!design!load!and!estimate!the!theoretical!span!wise!bending!moments,!which!are!shown!in!Figure!9.!!
!
Figure!9:!Span!wise!bending!moment!distribution!
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Combining!these!results!with!equation!(7)![2],!the!team!determined!the!minimum!required!second!moments!of!area!for!the!wing!spar!to!satisfy!balsa!wood!compressive!strength!of!682!psi,!as!shown!in!Figure!10.!!
!!! = !!!!! !! ! ! ! ! ! ! ! ! (7)!The!team!also!calculated!the!second!moments!of!area!of!the!actual!wing!spar!configuration!and!plotted!them!in!Figure!10.!Comparing!them!to!the!theoretical!minimum!required!values,!it!can!be!seen!that!the!current!wing!spar!not!only!is!able!to!withstand!the!expected!design!loads!but,!also!provides!an!extra!safety!margin!for!higher!loads.!!
!
Figure!10:!Second!moments!of!area!
6 Preliminary(Testing(With!the!basic!design!determined!and!predictions!formed!based!on!theoretical!calculations,!the!team!tested!the!individual!components!of!the!aircraft!independently!in!preparation!for!prototyping.!
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6.1 Balsa(Spar(Break(Tests(In!order!to!reduce!empty!weight,!the!team!investigated!balsa!spars!as!an!alternative!to!the!carbon!fiber!spars!often!used!in!radioVcontrolled!aircraft.!!IVbeam,!shear!web,!and!truss!structures!were!analyzed.!The!truss!used!a!web!composed!of!both!diagonal!and!vertical!members!–!all!oriented!such!that!loads!are!exerted!along!the!wood!grain.!!A!twoVfoot!section!of!each!balsa!spar!structure!was!constructed!and!subjected!to!destructive!testing.!Each!spar!was!tested!as!a!cantilever!beam!with!a!load!distribution!approximating!the!theoretical!lift!distribution!along!the!wingspan.!The!loads!sustained!and!the!deflections!of!the!spars!were!recorded!and!compared.!Furthermore,!the!mass!of!each!spar!was!measured!and!compared!back!to!the!weight!of!the!same!length!of!hollow!eighthVinchVdiameter!carbon!fiber!rod.!The!major!results!are!presented!in!Figure!11!and!Figure!12.!
!
Figure!11:!Load!factors!at!spar!failure!
!
Figure!12:!Masses!of!2Rfoot!spars!
!!!!! ! !Although!the!IVbeam!spar!withstood!a!slightly!higher!load!than!the!truss,!the!truss!was!lighter,!and!its!load!factor!of!4!was!satisfactory,!meeting!the!requirements!prescribed!by!the!theoretical!load!calculations.!Ultimately,!the!balsa!truss!was!chosen!as!the!structure!for!the!inboard!section!of!the!main!spar,!and!the!IVbeam!was!used!for!the!outboard!spar!
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section!(Figure!13).!This!composite!structure!allowed!tapering!in!the!spar!toward!the!wingtips.!
!
Figure!13:!Composite!truss!and!IRbeam!balsa!spar!
6.2 Foam(Model(Fabrication(The!team!constructed!a!fullVscale!foam!model!of!the!design!resulting!from!the!conceptual!design!phase!in!order!to!visualize!the!final!aircraft!and!to!conduct!glide!tests!and!wind!tunnel!tests.!!Foam!was!chosen!because!it!allows!for!a!quick!production!time!at!a!low!material!cost.!To!achieve!the!correct!center!of!gravity!location!for!glide!testing,!fishing!weights!were!embedded!in!the!nose!of!the!foam!model.!
6.3 Glide(Testing(The!team!subjected!the!foam!model!to!gliding!tests!under!controlled!conditions,!with!no!wind,!by!carrying!out!a!series!of!hand!throws.!The!aircraft!initially!exhibited!a!slight!nose!dive!tendency,!which!led!to!an!adjustment!to!the!center!of!gravity.!However,!it!demonstrated!good!lateral!stability.!
6.4 Wind(Tunnel(Testing(Wind!tunnel!testing!was!used!to!check!theoretical!lift!and!drag!predictions.!To!prevent!vortices!from!forming!in!the!gap!between!the!wing!root!and!the!wind!tunnel!floor,!the!wind!tunnel!was!modified!to!include!a!raised!cardboard!floor,!as!illustrated!in!Figure!14.!!
!! 20!
!
Figure!14:!HalfRwing!mounted!in!raisedRfloor!setup!
6.4.1 Lift(and(Drag(Results(Lift!and!drag!were!measured!with!an!airflow!velocity!of!40ft/s!(design!cruise!velocity)!in!the!test!section!of!the!wind!tunnel.!The!results!of!lift!and!drag!measurements!for!both!tests!are!shown!in!Figure!15!and!Figure!16,!respectively.!
!
Figure!15:!Theoretical!and!measured!lift!coefficients!
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!
Figure!16:!Theoretical!and!measured!drag!coefficients!The!maximum!measured!lift!coefficient!was!about!0.74!(2.13lb!lift!force!at!cruise!velocity),!and!the!maximum!drag!coefficient!was!around!0.21!(0.60lb!drag!force!at!cruise!velocity).!These!results!indicated!substantially!lower!performance!than!the!initial!theoretical!estimates!predicted.!Some!possible!reasons!for!discrepancy!include:!1. oversimplification!of!initial!theoretical!calculations,!2. interference!effects!in!the!wind!tunnel,!and!3. imperfections!in!the!foam!model.!Fortunately,!the!team!was!able!to!reduce!the!aircraft’s!empty!weight!significantly!by!careful!selection!of!electronic!components.!As!a!result,!the!aircraft!was!still!theoretically!able!to!achieve!the!desired!flight!score.!
6.4.2 Flow(Visualization(The!team!performed!a!flow!visualization!test!using!black!tufts!of!thread!attached!to!the!foam!model.!!Figure!17!illustrates!the!results!of!this!study!at!several!angles!of!attack.!
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!
Figure!17:!Tuft!positions!for!wing!at!different!angles!of!attack!The!visualization!revealed!mostly!laminar!flow!over!the!wing!for!angles!of!attack!up!to!12!degrees,!with!span!wise!flow!and!separation!beginning!at!the!wingtip!from!14!degrees!onward.!It!also!revealed!the!presence!of!strong!wingtip!vortices.!From!this!test,!the!team!concluded!that!the!aircraft!might!require!wingtip!devices!to!mitigate!span!wise!flow!and!wingtip!vortices.!
6.4.3 Thrust(Measurements(The!team!used!a!wind!tunnel!and!force!balance!to!measure!the!dynamic!thrust!of!the!motor.!However,!the!force!balance!was!improperly!calibrated,!a!fact!that!was!later!confirmed!by!static!tests.!Although!the!measured!dynamic!thrust!values!were!inaccurate,!the!test!did!yield!a!ratio!of!dynamic!thrust!at!cruise!velocity!to!static!thrust.!The!team!measured!static!thrust!using!a!conventional!thrust!stand!consisting!of!a!weighted!motor!resting!vertically!on!a!scale.!This!value!was!then!combined!with!the!known!dynamic!thrust!to!static!thrust!ratio!and!compared!to!predicted!drag!results,!as!shown!in!Figure!18.!This!
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comparison!used!the!maximum!drag!coefficient!(0.21)!measured!in!wind!tunnel!testing.!From!the!thrust!analysis,!the!team!saw!that!the!motor!should!be!capable!of!providing!more!than!enough!thrust!for!cruise!at!40ft/s.!
!
Figure!18:!ThrustRdrag!plot!
6.5 Computational(Fluid(Dynamics(To!further!investigate!the!reasons!that!caused!substantial!lower!lift!values!during!wind!tunnel!testing,!and!also!to!validate!wind!tunnel!test!results,!the!team!attempted!to!create!a!computational!model!of!the!wind!tunnel!test!and!to!simulate!it!in!ANSYS/Fluent.!The!team!decided!to!model!two!3VD!flows!over!a!wing!using!two!distinct!fluid!domains.!The!first!fluid!domain!is!of!cylindrical!shape.!It!contains!about!420,000!elements!and!was!sized!to!be!approximately!10!times!larger!than!the!chord!length!at!the!wing!root,!see!Figure!19.!The!second!fluid!domain!is!of!oval!shape!and!contains!about!456,000!elements!with!the!same!sizing!factor!as!the!cylindrical!domain,!see!Figure!20.!Both!fluid!domains!were!meshed!using!a!structured!mesh.!
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!
Figure!19:!Structured!cylindrical!mesh!
!
Figure!20:!Structured!oval!mesh!!Due!to!time!constraints!and!the!presence!of!highly!skewed!angles!in!the!meshes!that!needed!to!be!addressed,!the!team!created!a!quick!unstructured!mesh!for!each!domain!and!ran!simulations!on!both!domains!V!for!a!viscousVlaminar!steady!flow,!only!with!the!intent!of!testing!convergence!of!the!residuals.!Although!both!converged,!the!cylindrical!mesh!exhibited!more!reversed!flows!at!the!pressureVoutlet!and,!in!addition,!at!locations!close!to!the!wing.!Aware!that!this!would!affect!the!results!sought,!the!team!chose!the!oval!mesh!over!the!cylindrical!for!future!flow!simulation!tests.!!
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7 Flight(Testing(After!completing!preliminary!testing,!the!team!constructed!a!prototype!and!began!flight!testing.!
7.1 First(Flight(Test(Unlike!the!gliding!tests,!the!first!powered!flight!test!proved!unsuccessful!as!the!aircraft!yawed!to!the!right!as!soon!as!it!left!the!launcher’s!hand!(Figure!21(a)).!This!abrupt!yawing!motion!induced!a!roll,!leading!into!a!spiral!and!an!irrecoverable!dive!to!the!ground.!However,!this!test!proved!to!be!valuable,!as!it!revealed!some!issues!with!the!aircraft.!!1. The!manufacturing!process!was!not!sufficiently!precise.!It!created!an!imbalance!in!wing!twist!and!an!undesired!twist!at!the!trailing!edge!of!the!centerbody.!2. The!lack!of!vertical!surfaces!left!the!aircraft!with!insufficient!directional!stability.!!The!crash!called!for!the!implementation!of!a!reliable!manufacturing!process!using!a!jig!that!would!keep!all!structural!components!aligned!and!in!place!to!eliminate!any!asymmetry.!Furthermore,!it!called!for!a!thorough!review!of!the!whole!aircraft!geometry,!requiring!powered!flight!tests!with!the!foam!model!to!reassess!its!stability.!These!tests!led!to!the!conclusion!that!subsequent!prototypes!should!be!fitted!with!vertical!surfaces.!Nonetheless,!the!first!flight!test!also!shed!some!light!on!the!airframe’s!structural!integrity.!In!spite!of!the!hard!hit!it!took!to!the!ground,!the!aircraft’s!structure!remained!fairly!intact,!as!shown!in!Figure!21(b).!The!crash!confirmed!that!this!structure!can!withstand!high!loads,!and!thus,!could!be!used!in!later!prototypes.!
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!
(a)!
!
(b)!
Figure!21:!First!flight!test!
7.2 Second(Flying(Prototypes(Subsequent!flight!test!prototypes!were!manufactured!using!a!jig!made!of!balsa!wood!(Figure!22).!Using!the!jig,!two!more!prototypes!were!built!in!a!shorter!amount!of!time!than!the!first,!and!free!of!the!misalignments!present!in!the!first.!
.! !
Figure!22:!Second!prototype!on!the!jig!
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! To!further!improve!the!assembly!of!the!structural!components!and!guarantee!that!all!the!parts!fit!accurately!together,!the!CAD!model!was!adjusted!to!account!for!laser!cutter!beam!width.!The!first!prototype!did!not!take!this!information!into!account,!and!the!aircraft!components!that!were!manufactured!did!not!meet!the!required!tolerances.!Flight!testing!with!the!new,!more!symmetrical!prototypes!proved!that!the!aircraft!is!stable!longitudinally,!and!can!be!controlled!effectively!using!the!elevon!setup.!It!also!demonstrated!the!aircraft’s!sensitivity!to!changes!in!center!of!gravity.!For!this!reason,!the!team!configured!the!aircraft!such!that!the!payload’s!center!of!gravity!coincides!with!the!center!of!gravity!of!the!aircraft!with!no!payload.!In!this!way,!the!center!of!gravity!is!kept!constant!despite!payload!changes.!!To!satisfy!the!possible!need!for!vertical!surfaces,!different!vertical!surface!configurations!were!constructed!and!tested.!Flight!tests!began!with!large!endplates!and!twin!central!fins!(Figure!23).!In!subsequent!flight!tests,!the!team!progressively!reduced!the!vertical!surface!area!and!the!number!of!vertical!surfaces.!When!the!vertical!surfaces!became!too!small,!the!aircraft!began!to!sideslip!noticeably!while!turning.!This!led!to!a!minimum!vertical!surface!area!and!a!final!vertical!surface!configuration.!Therefore,!the!team!selected!a!configuration!with!both!endplates!and!central!fins.!The!total!vertical!tail!reference!area!corresponds!to!a!volume!coefficient!of!about!0.025.!
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!
Figure!23:!Second!prototype!in!flight!Once!the!aircraft!geometry!was!finalized,!flight!tests!focused!on!payload!testing.!Beginning!with!a!small!payload!of!0.23lb,!the!team!gradually!increased!payload!weight!with!the!goal!of!carrying!the!theoretical!maximum!of!1.74lb.!At!each!stage,!the!responsiveness!and!stability!of!the!loaded!aircraft!was!assessed.!The!team!found!that!the!aircraft!maintained!excellent!stability!even!with!high!payloads.!However,!control!responsiveness!became!somewhat!sluggish!for!greater!payloads.!During!flight!testing,!the!team!found!that!the!centerbody!ribs!and!formers!would!occasionally!crack!when!the!aircraft!landed!with!a!heavy!payload.!To!correct!this!issue,!the!team!changed!the!material!of!the!formers!!and!payload!bay!floor!slats!from!balsa!to!a!harder!wood!and!added!a!sheet!of!1/32Vinch!LiteVPly!plywood!on!the!belly!of!the!aircraft!for!reinforcement.!In!flight!testing,!the!team!successfully!carried!payloads!up!to!1.21lb.!In!one!flight!test,!the!aircraft!was!loaded!with!1.36lb.!The!aircraft!successfully!completed!threeVquarters!of!a!circuit!with!this!payload.!However,!during!a!turn!into!the!wind,!there!was!a!complete!loss!of!control!that!sent!the!aircraft!into!a!dive.!The!aircraft!crashed!catastrophically.!!
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After!analyzing!video!footage!of!the!flight!and!discussing!the!crash!with!the!test!pilot,!the!team!concluded!that!the!most!likely!cause!of!the!crash!was!an!ESC!failure.!The!ESC!that!was!used!in!the!flight!test!had!been!showing!signs!of!damage!prior!to!the!flight.!It!appeared!that!the!high!wind!speed!experienced!in!the!test!flight!had!necessitated!a!large!current!through!the!ESC,!perhaps!leading!to!the!failure!as!the!test!pilot!engaged!full!throttle!to!counter!the!wind!as!he!tried!to!accelerate!out!of!the!turn.!Hoping!to!ensure!that!such!a!failure!would!not!occur!in!competition,!the!team!attempted!to!find!an!affordable!alternative!ESC!with!higher!current!capacity!and!better!quality.!However,!the!ESC’s!that!the!team!found!came!with!a!significant!increase!in!weight,!so!the!original!ESC!was!retained!in!the!final!design.!!
8 Competition(Results(From!April!12!to!April!14,!the!team!participated!in!the!2013!Society!of!Automotive!Engineers!(SAE)!Aero!Design!West!competition!in!Los!Angeles,!CA.!Named!‘The!Quarter!Chord!Quartet,’!WPI’s!team!competed!against!universities!from!Canada,!India,!Mexico,!Poland,!Turkey,!and!the!United!States.!!On!the!first!day!of!competition,!the!team!presented!the!aircraft!for!a!technical!inspection!to!check!its!airworthiness.!Later!in!the!day,!the!team!gave!a!15Vminute!presentation!of!the!design!for!a!panel!of!judges!from!the!aerospace!industry.!The!Quarter!Chord!Quartet!achieved!a!score!of!45/50!for!its!presentation,!and!a!score!of!43.9/50!for!its!technical!design!report,!which!was!submitted!one!month!earlier!(more!details!in!Appendix!D).!Between!the!submission!of!the!technical!design!report!and!the!time!of!the!technical!inspection,!the!team!made!minor!structural!changes!to!the!aircraft!in!order!to!prevent!
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centerbody!components!from!cracking!when!landing!with!a!heavy!payload.!These!changes!resulted!in!a!4Vpoint!deduction!from!the!overall!score.!This!put!the!team!in!4th!place!overall!at!the!end!of!the!first!day,!with!a!total!score!of!84.9!points.!!April!13!was!the!first!day!of!competition!flights.!All!four!flights!conducted!that!day!were!successful.!Three!flights!were!conducted!with!a!payload!of!0.79lb,!and!one!was!conducted!with!a!payload!1.06lb,!giving!a!maximum!flight!score!of!138.6!points!and!putting!WPI!in!third!place!at!the!end!of!the!first!day!of!flights.!On!the!final!day!of!competition,!the!team!flew!two!flight!rounds.!In!an!attempt!to!take!second!place,!the!team!attempted!flights!with!payloads!of!1.58lb!and!1.32lb.!A!1.36lb!payload!had!been!briefly!carried!in!flight!testing!in!windy!conditions.!However,!the!conditions!on!April!14!were!calm,!and!the!launches!failed!for!lack!of!initial!airspeed.!The!team’s!final!score!–!based!on!report!and!presentation!scores,!maximum!flight!score,!and!a!bonus!for!operational!availability!–!was!232.4!points.!Ultimately,!The!Quarter!Chord!Quartet!finished!4th!out!of!29!teams!in!the!microVaircraft!class,!the!topVplaced!U.S.!team!at!the!Aero!Design!West!competition.!!
9 Project(Cost(Analysis(The!team!budget!for!this!MQP!was!$600.!With!this!funding,!the!team!purchased!all!the!necessary!materials!required!to!test!and!build!the!aircraft.!!The!budget!was!primarily!used!to!purchase!balsa!wood,!electronics!and!glue.!!With!the!$600!budget,!the!team!was!able!to!build!six!aircraft!in!total.!!Out!of!the!six!aircraft!completed,!three!were!prototypes!used!to!conduct!test!flights!and!three!were!taken!to!competition.!!The!competition!aircraft!were!the!most!expensive!produced!by!the!team!because!the!aircraft!were!outfitted!with!new!
!! 31!
electronic!components.!!In!terms!of!cost,!each!competition!aircraft!contained!$87!worth!of!electronics!and!$50!worth!of!wood,!bringing!the!total!cost!of!the!aircraft!to!approximately!$137.!!It!should!be!noted!that!the!cost!per!aircraft!in!this!case!is!low!because!that!the!team!was!able!to!utilize!Mylar!not!utilized!by!last!year’s!team.!!However,!if!purchasing!Mylar!had!been!necessary,!it!would!have!added!an!additional!$15!to!the!total!cost!of!each!aircraft!bringing!the!total!cost!to!$152!per!aircraft.!By!swapping!electronics!packages!between!different!aircraft,!the!team!was!able!to!build!and!outfit!six!aircraft!within!its!budget.!In!addition!to!the!materials!necessary!to!build!the!prototype!and!competition!aircraft,!there!were!other!costs!associated!with!manufacturing!the!aircraft!constructed!during!the!course!of!this!project.!!The!team!had!to!purchase!materials!to!build!the!foam!model,!which!was!utilized!for!early!testing,!as!well!as!materials!to!build!the!manufacturing!jig.!!These!materials!cost!approximately!$100.!By!the!end!of!the!third!academic!term,!the!team!had!completely!exhausted!the!initial!$600!budget!and!had!to!request!further!funding!from!AIAA.!!The!funding!the!team!requested!from!AIAA!amounted!to!$204!in!order!to!purchase!materials!necessary!to!outfit!the!competition!aircraft!with!new!electronics,!order!new!balsawood!for!the!competition!aircraft,!and!purchase!the!necessary!materials!to!build!a!new!box!for!transporting!the!aircraft!to!the!competition.!!In!total,!the!team!spent!approximately!$804!to!complete!this!MQP.!!That!being!said,!should!more!funding!have!been!available,!many!improvements!could!have!been!made!which!would!have!made!the!aircraft!more!competitive!at!the!competition.!Should!more!funding!be!made!available!next!year,!one!of!the!major!improvements!that!can!be!made!is!utilizing!thin!carbon!fiber!in!the!internal!structure!of!the!aircraft.!It!will!be!necessary!to!research!specific!methods!of!carbon!fiber!construction!and!carbon!fiber!
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reinforcement.!The!team!believes!that!utilizing!carbon!fiber!to!construct!certain!parts!of!the!internal!structure!of!the!aircraft!could!allow!the!size!of!components!to!be!reduced.!This!could!make!the!aircraft!more!competitive!by!reducing!the!empty!weight!of!the!aircraft.!!Furthermore,!the!high!strength!and!stiffness!of!carbon!fiber!would!make!it!possible!to!use!thinner!airfoils!with!higher!lift!coefficients.!Balsa!is!too!fragile!to!be!used!as!a!material!for!airfoils!with!very!thin!trailing!edges.!However,!carbon!fiber!is!expensive!and!would!require!research!and!testing!in!order!to!determine!which!type!and!grade!of!carbon!fiber!would!be!appropriate,!as!well!as!how!it!can!be!used!most!effectively!for!weight!reduction.!That!being!said,!carbon!fiber!sheets!range!in!price!from!$5V$15!per!square!foot![8]!depending!on!the!type!and!grade!of!carbon!fiber!being!purchased.!!As!an!estimate!of!the!carbon!fiber!cost!per!aircraft,!the!team!evaluated!the!cost!of!a!carbon!fiber!sheet!with!the!same!area!as!the!wing!reference!area.!Based!on!the!fact!that!the!aircraft!has!a!wing!area!of!225in2!(1.56ft2)!and!the!least!expensive!carbon!fiber!available!is!$5!per!square!foot,!the!cost!of!the!carbon!fiber!to!cover!the!wing!area!would!be!$7.80.!!In!addition!to!the!cost!of!the!carbon!fiber!sheets!themselves,!it!would!also!be!necessary!to!purchase!the!necessary!glues!which!can!bind!and!shape!the!carbon!fiber!sheets.!!These!glues!can!also!be!costly!and!can!range!in!price!from!$5V$25!for!ten!ounces!of!material.![8]!Additional!carbon!fiber!and!glues!would!be!necessary!to!allow!sufficient!testing!of!techniques!and!optimization!of!component!sizing!for!sufficient!strength!with!minimum!weight.!In!order!to!incorporate!carbon!fiber!into!the!design!of!the!aircraft!for!lower!empty!weight!and!greater!strength,!the!team!expects!that!a!budget!of!at!least!$1000!would!have!been!necessary.!However,!further!research!regarding!carbon!fiber!construction!methods,!
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materials,!and!equipment!would!be!required!in!order!to!develop!a!more!accurate!cost!estimate.!!
10 Recommendations(for(Future(Work(For!future!work!the!team!makes!a!set!of!recommendations!to!continue!and!enhance!the!final!design!presented!in!this!report.!Among!many!others,!the!team!suggests!that!the!following!points!be!considered:!
• Conduct!further!CFD!analysis!to!find!ways!to!improve!aerodynamics.!
• Evaluate!the!potential!for!scaling!up!to!regular!class.!
o More!CFD!could!give!insight!into!increased!turbulence!at!higher!Reynolds!numbers.!
• Look!into!other!electronics!packages!–!if!funding!is!available,!search!for!lighter,!higher!quality!and!higher!capacity!ESC.!
o Beware!that!changing!the!electronics!affects!the!CG!location.!The!plane!is!longitudinally!sensitive,!and!will!need!to!be!carefully!balanced.!!
• Look!into!the!possibility!of!carbon!fiber!reinforcement.!Analyze!the!viability!of!reducing!rib!weight!by!using!carbon!fiber!to!allow!for!much!thinner!ribs.!
o Also!analyze!the!potential!for!increasing!lift!by!using!thinner!ribs!that!would!not!be!structurally!viable!using!balsa!wood.!
• Conduct!flight!tests!as!early!as!possible!in!order!to!evaluate!performance!in!a!wider!variety!of!flight!conditions!–!both!windy!and!calm!–!at!various!payload!configurations,!particularly!at!heavy!payloads.!
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• Get!in!touch!with!the!R/C!club!as!soon!as!the!overall!conceptual!design!V!including!internal!structure!and!component!placement!–!has!been!developed.!Get!advice!on!techniques!for!building!the!aircraft!and!recommendations!to!improve!the!layout.!Do!not!contact!the!R/C!club!before!the!conceptual!design!has!been!completed.!The!design!must!be!of!the!WPI!team’s!own!making,!so!avoid!getting!input!from!the!R/C!club!before!the!design!has!been!developed.!
• All!team!members!should!practice!throwing!the!aircraft!under!various!flight!conditions!as!often!as!possible.!
• Look!for!funds!outside!WPI!(see!cost!analysis).!
11 (Conclusion(For!the!Society!of!Automotive!Engineers!(SAE)!Aero!Design!West!Competition,!the!team!designed!a!flying!wing!aircraft!in!order!to!avoid!the!weight!and!drag!associated!with!the!fuselage!and!tails!of!a!conventional!aircraft.!The!final!design!is!small!enough!to!fit!in!a!24"!by!18"!by!8"!box!through!the!use!of!detachable!wingtips.!Empty!weight!was!minimized!by!using!a!swept!and!tapered!balsa!spar,!elevons,!and!the!lightest!propulsion!system!available!within!the!project!budget.!Payload!fraction!was!maximized!by!using!a!careful!selection!of!four!different!airfoils!to!maximize!lift.!Swept!wings,!wing!twist,!vertical!surfaces,!and!the!step!in!the!centerbody!all!contribute!to!the!aircraft's!roll,!pitch,!and!yaw!stability.!The!overall!effectiveness!of!the!aircraft!has!been!verified!by!theoretical!calculations,!component!testing,!and!repeated!flight!tests.!Flight!testing!demonstrated!the!aircraft's!good!handling,!stability,!and!robustness.!
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In!competition,!the!aircraft!flew!successfully!with!a!maximum!payload!of!480!grams!and!an!operational!reliability!of!66.67%,!resulting!in!a!final!flight!score!of!147.8!after!a!reliability!bonus.!The!team!placed!fourth!overall!and!first!among!teams!from!the!United!States,!proving!that!the!aircraft!is!competitive!and!accomplished!the!original!design!goals.!! !
!! 36!
12 References([1] SAE.!"2013!Collegiate!Design!Series:!Aero!Design!East!and!West!Rules."!Student!Central.!!Web.!3!September,!2012.![2] Raymer,!D.!P.,!1992,!Aircraft*Design:*A*Conceptual*Approach.!American!Institute!of!Aeronautics!and!Astronautics,!Washington,!D.C.![3] Blair,!J.,!Crosby,!P.,!Connors,!E.,!2012,!"Design!of!a!Micro!Class!Aircraft!for!the!2012!SAE!Aero!Design!East!Competition,"!Worcester!Polytechnic!Institute,!DJO!1201,!Worcester,!MA.![4] Anonymous,!2011,!“There!Will!Be!Buzz,”!American!Institute!of!Aeronautics!And!Astronautics,!Atlanta,!GA.!![5] UIUC!Applied!Aerodynamics!Group,!2012,!"UIUC!Airfoil!Data!Site,"!http://www.ae.illinois.edu/mVselig/ads/coord_database.html![6] Northrop,!J.K.,!1947,!"The!Development!of!AllVWing!Aircraft,"!F.!H.!Page,!Wilbur!Wright!Memorial!Lecture.![7] Trick!R/C,!"ZagiVThe!Original!EPP!Foam!RC!Flying!Wing,"!2012!(October!11).!Web.!http://www.zagi.com![8] "Carbon!Fiber!Sheets."!Dragon*Plate.!Dragon!Plate!Corp.,!n.d.!Web.!19!Apr.!2013.!http://dragonplate.com/ecart/categories.asp?cID=65!!! !









&HQWHURI*UDYLW\

























&HQWHURI*UDYLW\
.H\'HVLJQ3DUDPHWHUV
:LQJVSDQ LQFKHV
/HQJWK LQFKHV
+HLJKW LQFKHV
/HDGLQJ(GJH6ZHHS GHJUHHV
(QJLQH0DNH 70RWRU
(QJLQH0RGHO $7
(PSW\:HLJKW SRXQGV
3URMHFWHG3D\ORDG SRXQGV
'
&
%
$$
%
&
'

       
7+(,1)250$7,21&217$,1(',17+,6
'5$:,1*,67+(62/(3523(57<2)
:25&(67(532/<7(&+1,&,167,787($1<
5(352'8&7,21,13$5725$6$:+2/(
:,7+2877+(:5,77(13(50,66,212)
:25&(67(532/<7(&+1,&,167,787(,6
352+,%,7('
35235,(7$5<$1'&21),'(17,$/
',0(16,216$5(,1,1&+(6
72/(5$1&(6
/,1($5 ,1&+(6
$1*8/$5 '(*5((6
'5$:1
&+(&.('
&200(176
'$7(1$0(
6,=(
%
':*12 5(9
:(,*+76&$/(
81/(6627+(5:,6(63(&,),('

7LP
0RPRVH
5HLQDOGR
/RSHV 

6+((72)
$SSHQGL[$
7HDP
1DPH
7HDP
1XPEHU
6FKRRO
1DPH :RUFHVWHU3RO\WHFKQLF,QVWLWXWH

7KH4XDUWHU&KRUG4XDUWHW
!! 38!
Appendix(B(*(Payload(Fraction(Prediction(Chart(The!chart!below!was!submitted!to!SAE!as!a!requirement!for!the!Aero!Design!West!competition.!It!features!a!linearized!prediction!of!maximum!payload!fraction!as!a!function!of!density!altitude.!
!
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Appendix(C(–(Payload(Support(Structure(Design(
SAE!Aero!Design!rules!require!that!the!payload!be!secured!in!a!support!assembly.!“The!support!assembly!must!be!constructed!so!as!to!retain!the!weights!as!a!homogeneous!mass....!The!total!payload!consists!of!the!plates!plus!the!support!assembly.”![1]!Based!on!this!requirement,!the!team!designed!a!payload!bay!out!of!laserFcut!acrylic.!Acrylic!is!more!durable!than!balsa,!providing!better!survivability!of!the!support!structure!in!the!event!of!a!hard!landing.!Because!the!weight!of!the!support!assembly!counts!toward!the!payload!weight!rather!than!the!empty!weight,!the!acrylic’s!greater!density!is!not!a!problem.!!
The!payload!bay!was!designed!such!that!payload!plates!would!be!oriented!vertically,!held!upright!in!slots!formed!by!acrylic!plates.!This!configuration!makes!the!aircraft!pitching!moment!due!to!thrust!effects!more!predictable!by!ensuring!that!the!center!of!gravity!of!the!payload!remains!constant!not!only!longitudinally,!but!also!vertically.!!
To!keep!the!payload!support!structure!secure!in!the!payload!bay!and!prevent!shifting!during!flight,!the!team!devised!a!system!of!sliding!retainer!plates.!These!plates!fit!into!cutouts!in!the!formers!that!run!across!the!centerbody!at!the!front!and!back!of!the!payload!bay.!The!design!uses!acrylic!keys!inserted!along!the!sides!of!the!support!assembly!to!prevent!the!retainer!plates!from!sliding!out!of!place!during!flight.!Figure!25!shows!the!payload!support!assembly!setup!with!labels!for!the!major!components.!!
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!
Figure'25:'Payload'support'assembly'! !
Retainer!plates!Keys!Payload!plates!
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Appendix(D(–(SAE(Aero(Design(Oral(Presentation(Scoring(The!criteria!for!the!oral!presentation!given!at!the!SAE!Aero!Design!West!competition!are!shown!below!with!notes!regarding!judges’!comments!on!The!Quarter!Chord!Quartet’s!presentation.!These!are!scans!of!the!scoring!sheets!filed!by!the!presentation!judges.!
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Judge(1(
!Judge!1,!Page!1!
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!Judge!1,!Page!1!
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Judge(2(
!Judge!2,!Page!1!
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!Judge!2,!Page!2.!Feedback.!Cells!from!top!to!bottom!correspond!to!Technical!Content,!Configuration! Selection,! Stability! &! Control,! Weight! Buildup,! Propulsion,! Performance!Analyses,!and!Stress!Analysis!! !
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!Judge!2,!Page!3!
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!Judge!2,!Page!4.!Feedback.!Cells! from! top! to!bottom!correspond! to!Materials,!Trade!Studies,! Empirical! Results! (Testing),! Project! Plan/Project! Schedule,! and! Time! for! Flight!Test.!! !
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Judge(3(
!Judge!3,!Page!1! !
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!Judge!3,!Page!2.!Feedback.!Cells!from!top!to!bottom!correspond!to!Technical!Content,!Configuration! Selection,! Stability! &! Control,! Weight! Buildup,! Propulsion,! Performance!Analyses,!and!Stress!Analysis! !
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!Judge!3,!Page!3!
